We report the first picosecond mid-infrared source based on OP-GaP using single-pass DFG, providing tunable radiation across 3040-3132 nm, with 57 mW of average-power at 3044 nm, 3.2% rms stability over 1h, in good beam-quality. Orientation-patterned semiconductors are promising new quasi-phase-matched (QPM) nonlinear optical materials paving the way for a variety of applications in the mid-infrared (mid-IR) [1, 2] . Among QPM nonlinear materials which can be pumped at 1 m without significant two-photon absorption, orientation-patterned gallium phosphide (OP-GaP) exhibits the highest nonlinear coefficient (d14~70 pm/V) and the longest infrared cut-off wavelength of 12.5 µm [3, 4] . Here, we report the first tunable picosecond mid-IR source based on single-pass difference frequency generation (DFG) of a mode-locked Yb-fiber laser at 1064 nm and the tunable signal output from a picosecond MgO:PPsLT optical parametric oscillator (OPO) synchronously pumped by the same laser in OP-GaP. The approach provides as much as 57 mW of mid-IR average power at 3044 nm at ~80 MHz with a passive power stability better than 3.2% rms over 1 hour in good beam quality.
Orientation-patterned semiconductors are promising new quasi-phase-matched (QPM) nonlinear optical materials paving the way for a variety of applications in the mid-infrared (mid-IR) [1, 2] . Among QPM nonlinear materials which can be pumped at 1 m without significant two-photon absorption, orientation-patterned gallium phosphide (OP-GaP) exhibits the highest nonlinear coefficient (d14~70 pm/V) and the longest infrared cut-off wavelength of 12.5 µm [3, 4] . Here, we report the first tunable picosecond mid-IR source based on single-pass difference frequency generation (DFG) of a mode-locked Yb-fiber laser at 1064 nm and the tunable signal output from a picosecond MgO:PPsLT optical parametric oscillator (OPO) synchronously pumped by the same laser in OP-GaP. The approach provides as much as 57 mW of mid-IR average power at 3044 nm at ~80 MHz with a passive power stability better than 3.2% rms over 1 hour in good beam quality.
The schematic of the experimental setup is shown in Fig. 1 . The primary pump source is a picosecond Yb-fiber laser providing up to 20 W of average power in 20 ps pulses at ~80 MHz repetition rate, operating at a central wavelength of 1064 nm. Part of the output from the laser is used to synchronously pump an OPO [5] , which provides the tunable signal input for DFG, while the remaining power from the laser is used as the pump for DFG. A variable delay (DL) comprising mirrors, M1-M4, in the pump beam line provides the required path length for synchronization between the two input beams for DFG. The combination of a half-wave plate (λ/2) and polarizing beam-splitter (PBS) is used to adjust the pump power and a second half-wave plate is used to control the pump polarization for DFG. Another half-wave plate is used to control the signal polarization from the OPO. The lenses, L1 and L2, with focal length of 125 mm and 50 mm, respectively, are used to adjust the diameter of the pump beam. Mirror, M7, which is antireflection (AR)-coated for high reflection (R>99%) over 1300-2000 nm and high transmission (T>90%) at 1064 nm, is used to combine the pump and signal beams for DFG. The pump and signal polarizations are independently optimized to achieve maximum DFG output power. Using a converging lens, L3 (f=75 mm), the input beams are focused to beam waists of w0p~20 µm for the pump and w0s~35 µm for the signal inside a 40-mm-long OP-GaP crystal, and the generated mid-IR output beam is filtered using the Ge long-pass filter (F). The end-faces of the crystal are AR-coated for high transmission (R<5%) at 1064 nm and 1500-1900 nm. The crystal is housed in an oven with stability of ± 0.1°C, which can be controlled from room temperature to 200 °C. The spectral tuning of the DFG source is achieved by simultaneous variation of the OPO signal wavelength and the temperature of the OP-GaP crystal. The DFG temperature tuning results are presented in Fig. 2(a) , demonstrating that the source can be tuned over 92 nm across 3040-3132 nm in the mid-IR. The experimental data represented by solid circles are in good agreement with the theoretical calculations obtained from Sellmeier equations for OP-GaP [4] , which are plotted with the dashed lines. In order to characterize the DFG source, we performed power-scaling measurements of the extracted DFG as a function of the input pump power for a fixed signal power of 0.9 W, with the results shown in Fig. 2(b) . For a maximum pump power of 5 W at 1064 nm and 0.9 W of signal at 1636 nm, and at a phase-matching tempreature of 154.3 ºC in the OP-GaP crystal, we were able to generate up to 57 mW of DFG average output power at 3044 nm at a slope efficiency of 17%. The DFG power across the tuning range for a fixed pump and signal power is shown in Fig. 3(a) . As the input signal wavelength is varied from 1636 to 1611 nm, the generated DFG power varies from 57 mW at 3044 nm to 10.6 mW at 3132 nm, providing >30 mW over 50% of the tuning range. The far-field energy distribution of the extracted DFG at 3044 nm, recorded using a pyroelectric camera, is presented in inset of Fig. 3(a) , confirming a single-peak Gaussian profile. We have also performed the long-term power stability measurement of the mid-IR DFG output at maximum power while operating at 3044 nm, resulting in a passive power stability better than 3.2% rms over 1 hour, as shown in Fig. 3(b) . In conclusion, we have demonstrated the first picosecond mid-IR source based on single-pass DFG in OP-GaP crystal, tunable across 3040-3132 nm. For a pump power of 5 W and a signal power of 0.9 W, we have generated 57 mW of mid-IR DFG average power at 3044 nm, with passive power stability better than 3.2% rms over 1 hour.
